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In order to investigate the presence of thermo-tolerant rock phosphate (RP) solubilizing anaerobic 
microbes during the fermentation process, we used grassland as sole organic substrate to evaluate the 
RP solubilization process under anaerobic thermophilic conditions. The result shows a significant 
decrease of pH from 6.5 to 4.8, and solubilizing from 7 to 15.8% of the phosphorus from the RP in the 
reactors after 90 days of incubation at 45°C. In these conditions, the organic acids produced were 
qualitatively and quantitatively identified as: acetic, butyric and propionic acids. This biological RP 
solubilization is due to the presence of a single thermo-tolerant bacterium isolated and identified as 
Bacillus subtilis from the anaerobic reactors. This B. subtilis strain was shown to be able to solubilize 
RP in liquid cultures containing insoluble RP as sole phosphate source. The mechanisms involved in 
these weathering processes confirmed the production of organic acids which were identified and 
quantified. This study is expected to lead to the development of novel, non-polluting farming practices 
by entering in the formulation of novel multi-functional biofertilizer by inoculating this thermo-tolerant 
phosphate-solubilizing bacterium into agricultural wastes as a practical and environmental strategy. 
 





Phosphorus (P) is an essential element for life. After 
nitrogen, P is the second major element effecting plant 
growth and yield. P contributes to the biomass construc-
tion of micronutrients, the metabolic process of energy 
transfer, signal transduction, macromolecular biosynthesis, 
photosynthesis, respiration chain reactions and physiologi-
cal chemical process for plant as well as for seed 
maturation (Shenoy and Kalagudi, 2005). Unfortunately, 
the concentration of P in soil solution is very low; varying 
from 0.001 mg/l in very poor soils to 1 mg/l in heavily 
fertilized soils (Antoun, 2012).  
Therefore, phosphatic fertilizers, such as costly chemi- 
cal fertilizers that contain large amounts of soluble P, 
have been applied to the agricultural fields to maximize
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production (Shenoy and Kalagudi, 2005). However, the 
soluble P in phosphatic fertilizers which is easily and 
rapidly precipitated to insoluble forms may become un-
available to the plant because of mineral phase repre-
cipitation (Wakelin et al., 2004). It is estimated that 
because of P-fixation in soil, plants will take up the year 
of application, only 10 to 15% of the soluble P added as 
fertilizers or manure (Brady and Weil, 2008). The unma-
naged use of phosphatic fertilizers has increased agri-
cultural costs and instigated a variety of environmental 
problems (Del Campillo et al., 1999). Therefore, the 
concept of adding phosphate-solubilizing microorganisms 
(PSMs) to rock phosphate (RP), a finite non-renewable 
resource and natural fertilizers, as providers of soluble P 
presents an economically and environmentally promising 
strategy (Antoun, 2012; Chang and Yang, 2009). 
PSMs may play a major role in developing a sustain-
able use of P resources and in biogeochemical P cycling 
in natural and agricultural ecosystems. PSMs can trans-
form the insoluble P to soluble forms by acidification, 
chelation, exchange reactions, and polymeric substances 
formation (Delvasto et al., 2006).  
Therefore, the use of PSMs in agricultural practice 
would not only offset the high cost of manufacturing 
phosphatic fertilizers but would also enhance the solubili-
zation of reprecipitated soil P for crop improvement 
(Shekhar et al., 2000). Many genera and species of 
bacteria have been described as PSMs (Hamdali et al., 
2008; Yu et al., 2012).  
However, all PSMs studied and applied to date have 
been mesophiles that could only be used under meso-
philic and aerobic conditions. These types of microorga-
nisms are not appropriate for the preparation of multi-
functional biofertilizer at the high temperatures that occur 
for decomposing complex organic wastes (Yang, 2003).  
Since cellulose is mostly present in plant cell walls, 
which are very difficult to degrade, only a small fraction of 
all microorganisms that are specialized for plant cell wall 
degradation can hydrolyze cellulose (Li et al., 2009), 
probably because it is present in recalcitrant cell walls 
(Wilson, 2011). To date, a few study described that anae-
robic cellulolytic thermophillic bacteria have a very effec-
tive plant cell wall degradation system (Blumer-Schuette 
et al., 2010).  
In the present study, we investigated the presence of 
thermo-tolerant RP-solubilizing bacteria, during the fermen-
tation of grassland wastes as the sole organic substrate. 
The effects of these bacteria on RP solubilization through 
the anaerobic process have also been determinate. The 
solubilization mechanism and the identification of the 
selected bacteria were achieved. 
 
 
MATERIALS AND METHODS 
 
The rock phosphate sample 
 
Rock phosphate originating from the Youssoufia phosphate mine 
(RP
Y





and mortar and passed through a 100 µm sieve. Its chemical 
characteristics were as follows: 31.4 g 100/g P2O5, 50.2 g 100/ g 
CaO and 2 g 100/ g total organic carbon (Khaddor et al., 1997). 
 
 
Substrate preparation and fermentation experiments 
 
The grassland experiment was conducted in a greenhouse at 24°C 
under artificial light for 16 h and at 17°C for 8 h in darkness. The 
experiment was started on 12 June 2010 on a poorly drained 
Stagno-Gleyic Luvisol (FAO classification) with rather wet and cool 
weather at the beginning of the investigation. After two weeks, the 
sward was maintained at a height of about 5 cm. The pasture was 
dominated by perennial ryegrass (Lolium perenne L) and common 
bent (Agrostis capillaries L). The C and N contents of the grassland 
topsoil (0-0.15 m) were 1.6 and 0.17%, respectively, with soluble 
organic carbon (extracted with 0.05 M K2SO4) of 87.5%. The 
grassland was oven dried at 70°C and used as organic sub-
strate for the fermentation experiments.  
Dried substrate (165 g) was placed in 5 L Erlenmeyer flasks 
containing 2 g of RP
Y
 as sole phosphate source and completed to 4 
L with sterile distilled water. Cultures were grown in triplicate on a 
laboratory digester maintained at 45°C for 90 days in completely 
filled flasks with rubber stoppers and with shaking at 100 rpm in an 
incubation shaker to minimize aggregation of the bacteria. Anae-
robic conditions were achieved through the consumption of residual 
oxygen. Similar experiments were carried out with no phosphate 
source incubated under the same conditions. Samples of 20 ml of 
each culture were collected periodically (every 10 days). After then, 
the pH value of the medium was determined with a pH meter 
equipped with a glass electrode. The culture supernatant obtained 
by centrifugation (10,000 rpm, 15 min) was passed through a 0.45 
mm Millipore filter. The inorganic phosphate content of culture 
filtrate and organic acids analysis were determined by high 
performance ion chromatography, HPIC, Type DIONEX Dx-120 




Isolation of rock phosphate solubilizing bacteria under 
anaerobic process  
 
At different state of treatment, 0.1 ml of the liquid suspension was 
sampled and plated in triplicate on the surface of nutrient agar 
(Difco, USA) to isolate the bacteria. The pH was adjusted to 7 and 
the medium was sterilized at 121°C for 20 min. After plating under 
the anaerobic conditions in the presence of Methylen blue as 
indicator, the agar plates were incubated for 3 days at 45°C. 
Selection of phosphate solubilizing bacteria was carried out by 
plating the nutrient agar isolate on the solid NBRIP medium 
(Nautiyal, 1999) containing (g/l) Glucose : 10; MgCl2.6H2O : 5 ; 
MgSO4.7H2O : 0.25 ; KCl : 0.2 ; (NH4)2SO4 : 0.1; agar : 15; pH : 
7.45; and RP
Y
 : 0.5 as sole phosphate source. After plating, the 
agar plates were incubated for three days at 45°C in anaerobic 
atmosphere. Spores of the phosphate solubilizing bacteria (PSB) 
isolate and able to show the most active growth on NBRIP were 
stored in 20% (w/v) sterile glycerol at -20°C. 
 
 





Three culture replicates were inoculated with 10
6
 spores/ml of the 
PSB isolate and grown for nine days at 45°C on a rotary shaker 
(180 g/min) in 250 ml Erlenmeyer flasks containing 50 ml of liquid 
NBRIP medium with 0.5 g/l RP
Y 
and maintained under anaerobic 
conditions. Cultures were centrifuged at 10,000 g for 10 min and 





tant was analyzed for P2O5 content by the HPIC method as 
described above. Similar measures were carried out in non-
inoculated flasks incubated under the same conditions. 
 
 
Taxonomic study of the selected strain  
 
Morphological and physiological characterization of selected 
isolate 
 
The isolate was examined for several phenotypic characteristics. 
Unless otherwise stated, the tests were carried out in tryptic soy 
agar (TSA) medium at 32 and 45°C incubation temperature. 
Flagella were stained using the method of Rhodes. Spores were 
stained according to the Schaeffer-Fulton method with five days 
culture on TSA medium in aerobic and anaerobic conditions. Cata-
lase and oxidase production, aerobic nitrate and nitrite reduction 
and acid-production profiles from carbohydrates were obtained with 
an API 50CH system (bioMérieux) after growth in 50 CHB/E 
medium, as described by Logan and Berkeley (1984). Antimicrobial 
susceptibility was tested in TSA medium according to the method of 
Bauer et al. (1966). 
 
 
Amplification and sequencing of the 16S rDNA of the selected 
strain 
 
The strain isolated in this work was grown on Luria-Bertani medium 
as standard cultures of Bacillus sp. The isolate was incubated in 
completely filled flasks with rubber stoppers and with shaking at 
100 rpm. Inoculation was performed aerobically with an aerobically 
grown overnight culture with an optical density at 578 nm of 0.3. 
Anaerobic conditions were achieved after a short time through the 
consumption of residual oxygen by the inoculated bacteria. The 
cells for preparations of DNA were harvested after 3 h in the midst 
of the exponential growth phase. 
The 16S rRNA gene was amplified by PCR using standard 
protocols (Saiki et al., 1988) and the forward primers 16F27 (5’-
AGAGTTTGATCATGGCTCAG-3’) and the reverse primer 16R1488 
(5’-CGGTTACCTTGTTAGGACTTCACC-3’) (both from Pharmacia). 
The PCR products were purified using the Microcon Qiaquick spin-
gel extraction kit (Qiagen). Direct sequence determinations of PCR-
amplified DNAs were made with an ABI PRISM dye-terminator, 
cycle sequencing ready-reaction kit (Perkin-Elmer) and an ABI 
PRISM 377 sequencer (Perkin-Elmer) according to the manu-
facturer’s instructions. The sequence obtained was compared to 
reference 16S rRNA gene sequences available in the GenBank and 
EMBL databases obtained from the National Centre of 
Biotechnology Information database using the BLAST search. 
Phylogenetic analyses were made using MEGA version 2.1 (Kumar 
et al., 2004) after multiple alignment of the data by CLUSTAL V 
(Thompson et al., 1997). Distances and clustering were determined 
using the neighbour-joining and maximum-parsimony algorithms. 
The stability of the clusters was ascertained by performing a 





All experiments were carried out in triplicate or more. All data are 
reported as means ± SD (standard deviation). The Independent-
Samples t-test was used to compare means and the variance 
homogeneity determination (ANOVA) was conducted with the 
General Linear Model using type II sum of squares and Tukey’s 
Honestly Significant Difference (P = 0.05) using statistical analysis 
system software (SAS Institute, 2002). 




RESULTS AND DISCUSSION 
 
Isolation of bacteria able to use RP as sole 
phosphate source 
 
After plating and incubation period of liquid samples at 
the final phase of the fermentation experiments, only one 
bacterium isolate could grow when plated on the solid 
nutrient medium. This thermo-tolerant anaerobic isolate 
could use RP when plated on the solid NBRIP medium 
containing RP
Y
 as unique phosphate source. This is 
unexpectedly low since the cultures were maintained 
during the fermentation anaerobic process and most of 
the phosphate in this biotope is in an insoluble form. Up 
to date, only a few works reported that some thermo-
tolerant phosphate solubilizing microbes were isolated 
aerobically from compost plants and biofertilizers (Chang 
and Yang, 2009; Xiao et al., 2008).  
 
 
Abilities of the selected isolate to release soluble 




The soluble phosphorus content increased significantly 
between 0 and 10 days from 19.6 ± 0.1 to 36.7 ± 0.2 
mg/l, then decreased slightly at 20 days and re-increased 
after, up to 43.3 ± 0.1 mg/l
 
at 90 days (Figure 1A). The 
microbial activities were amplified more vigorously at 
early fermentation phase, resulting in the consumption of 
soluble phosphorus for microbial growth. These results 
indicate that thermo-tolerant PSMs can increase the 
soluble phosphorus content and contribute to the solubi-
lization of RP during the fermentation process. The RP 
solubilization rate ranged from 7 to 15.8% and increased 
during the thermophilic anaerobic fermentation experi-
ments (Figure 1A). It was reported that Bacillus smithii 
F18 presented the highest soluble phosphorus 
percentage (5.3 ± 0.6%) of the total phosphorus after 56 
days of composting. In comparison, under aerobic condi-
tions, the control (non-inoculated compost) had the 
lowest percentage of 2.9 ± 0.2% (Chang and Yang, 
2009). Similarly, a moderately thermophilic bacterium 
Acidithiobacillus caldus achieved a phosphorus 
solubilizing rate of 27.6%  in shake flasks containing 
elemental sulfur (S0) as an energy substrate and only 
2.19% for the same system without the additional S0 
(Xiao et al., 2011). 
 
 
Growth in flasks in NBRIP liquid medium 
 
The amount of P solubilized increased with time, and at 
the end of the incubation period (9 day), the values 
obtained were significantly different from those of the 
control (1.6 mg/l of soluble P), irrespective of P source 










Figure 1. Fermentation experiments in bioreactor with Grassland containing 0.5 g/l RP
Y 
(Treatment) or without RP
Y
 (Control) incubated for 90 days under the same conditions. (A) 
Concentration of soluble phosphate released from rock phosphate in the supernatant of 
cultures. (B) Evolution of the pH in the supernatant of cultures. (C) Concentration of organic 
acids produced in the supernatant of cultures. Data points are means and vertical bars are 




(Figure 2A). Phosphate release ranged from 2 to 13 mg/l 
in the growth medium NBRIP. This showed that the 
selected anaerobic thermo-tolerant isolate had effectively 
converted the inorganic insoluble RP into a soluble form. 
It was indicated that the application of the moderate ther-
mophile of A. caldus was an effective method to solu-
bilize phosphorus from RP than that obtained with the 
mesophile, Acidithiobacillus thiooxidans (Xiao et al., 
2011). Chang and Yang (2009) reported that an aerobic 
thermo-tolerant Bacillus smithii F18 had the highest RP 
solubilizing activities with 544.2 ± 30.2 µg/ml of soluble 
phosphate in Pikovskaya’s broth at 50°C. 
 
 




On Petri dishes, the isolates were surrounded by a clear 
halo, characterizing microorganisms producing organic 
acids on the NBRIP media (Nautiyal, 1999). Noticeable 
acidification of the growth medium was observed during 
the anaerobic digestion of grassland (Figure 1B) 
suggesting that the process of RP solubilization involved 
the excretion of organic acids.  
Organic acid production is the main mechanism by 
which PSMs mobilizes P from sparingly soluble phosphates 
(Khan et al., 2007). Solubilization of phosphates may re-
sult from the drop in pH or from cations chelation by orga-
nic acids (Antoun, 2012). In these experiments, pH de-
creased significantly from 6.5 to 4.8 and remains sub-
stantially unchanged until the end of the treatment (90 
days) (Figure 1B). Thus, cellulose is a polymer of glucose 
and it is readily hydrolyzed during acidogenesis (Huang 
et al., 1986). The pH value of 4.8 indicates microbio-
logical activity and the presence of thermo-cellulolitic aci-
dophilic bacteria. Xiao et al. (2011) showed that the 
phosphate solubilizing ability of A. caldus was the most 
effective when carried out under pH 2.5 at 45°C. A few 
studies have reported the presence of cellulolytic bacteria 















 (Control) incubated for 9 days under the same conditions. (A) Concentration of soluble phosphate 
released from rock phosphate in the supernatant of cultures. (B) Evolution of the pH of the culture supernatant. 
(C) Concentration of organic acids produced in the supernatant of cultures. Error bars represent standard 




able to grow on native cellulose as only carbon source 
(Schwarz, 2001). In addition, cellulolysis was considered 
more effective and faster with thermophilic than meso-
philic bacteria (Leschine and Canale-Parola, 1983). It 
was reported that Acidothermus celluloticus was a rare 
case of cellulolytic species; acidophilic and thermophilic 
able to grow at optimal pH of 5 and which could grow at 
pH 3 on cellulose substrate in the medium (Bergquist et 
al., 1999). In this study, the following acids (acetic, buty-
ric, propionic acids) were found in the culture filtrates du-
ring the anaerobic fermentation process, using HPIC 
chromatography (Figure 1C). These identified organic 
acid presented after 60 days of anaerobic fermentation 
the concentration of 3300, 2400 and 2200 mg/l of butyric, 
propionic and acetic acid, respectively (Figure 1C). It was 
reported that the acidophilic bacteria can acidify the 
medium at pH values from 3 to 4 and can transforms 
sugars into lactic, acetic, propionic, byturic acids, alcohol 
and CO2 (Kawagoshi et al., 2005). High concentrations of 
organic acids and therefore relatively low pH are usually 
encountered in anaerobic ecosystem environments 
(Goodwin and Zeikus, 1987).  
 
 
Growth in flasks in NBRIP liquid medium 
 
Compared with the solubilizing system for RP without 
bacterium, the pH of the culture with the bacterium was 
obviously lower during the solubilizing process in the 
NBRIP liquid medium (Figure 2B). There was a gradual 
decrease of pH from 7.7 up to 4.8 at day 9 as a result of 
the consumption of acid by the proton attack on RP. This 










Figure 3. (a) Starch degradation showed by iodine 
-test of the selected isolate. (b) Cream pigmented 
colonies. (c) RP solubilization by the selected 
isolate on NBRIP medium by acid production 
mechanism. (d) Antibacterial activity against 




result confirms the ability of the selected isolate to 
solubilize RP by producing organic acids. Research of 
organic acids in the liquid NBRIP culture revealed the 
presence of acetic, lactic and succinic acids at different 
concentration (Figure 2C). The presence of formic, 
propionic, butyric, pyruvic, glutaric, malic, tartric and 
oxalic acids was signaled at only trace concentration (< 2 
mg/l). Lactic acid is the most produced from 2 mg/l to 
more than 700 mg/l after 9 days of incubation. It was 
reported that a strong correlation between pH and soluble 
P concentration, as well as total organic acid production 
and the P solubilized was observed with the PSB strain 
under aerobic conditions (Yu et al., 2012). Similarly, it 
was indicated that a thermophilic aerobic bacterium of A. 
caldus have the best ability to produce organic acids than 
the mesophilic bacteria (Xiao et al., 2011). 
 
 
Taxonomic characterization of the selected isolate 
 
Identification of isolated Bacillus may follow one of 
several methods of classification. In this study, the 
selected strain was tested for taxonomical identification 
using morphological, cultural, physiological and bioche-
mical criteria as well as other features (Claus and 
Berkeley, 1986). Cells are rods Gram-positive, cream 
pigmented, anaero-aerobic, occurring singly or in pairs 
and occasionally in short chains or filaments. They are 
motile by peritrichous flagella. In aerobic condition at 
30°C, the endospores are mainly ellipsoidal and lie in 
subterminal positions. Catalase and oxydase are posi-
tives. However, when grown on in anaerobic condition at 







Figure 4. Neighbour-joining tree based on nearly 
complete 16S rRNA gene sequences of the 
selected isolate. The significance of each branch 
is indicated by a bootstrap value calculated for 




with those of Espinosa et al. (2001).  
The bacterium grows within a temperature range of 20 
to 50°C and pH values comprise between 4.5 and 10. It is 
halo tolerant, being able to growth in salt concentrations 
from 0 to 7.5% w/v. The selected strain showed anti-
fungal and antibacterial activities. It reduces nitrate aero-
bic and anaerobically. Starch and cellulose are used. 
Citrate is used as sole carbon and energy source. 
Several phenotypic features are shown in Figure 3. The 
selected isolate was colistin sensible and predicted to 
belong to the genus Bacillus. 
The sequencing of the 16S RNA of this strain 
confirmed this classification. Indeed comparisons of the 
16S rRNA gene sequences of the selected strain and 
those available in the GenBank database indicated that it 
is phylogenetically closely related to, respectively, B. 
subtilis (98% sequence homology), Bacillus mojavensis 
(97% sequence homology), Bacillus malacitensis (97% 
sequence homology) and Bacillus axarquiensis (96% 
sequence homology) (Figure 4). The phylogenetic tree, 
constructed using the neighbour-joining method is 
depicted in Figure 4. 
 







Rock phosphate bio dissolution is due to the presence of 
a single thermo-tolerant strain of bacteria (B. subtilis) 
isolated by the NBRIP test from the reactors. Tests 
confirm that B. subtilis strain is able to grow anaerobically 
and can hydrolyse the cellulose substrate. To our 
knowledge, this study is the first report showing the ability 
of bacteria to solubilize RP and to degrade cellulosic 
substrates under thermophilic and anaerobic conditions. 
The mechanism involved in the RP solubilization is a 
consequence of proton release from organic acids in the 





Antoun H (2012). Beneficial Microorganisms for the Sustainable Use of 
Phosphates in Agriculture. Procedia Engr. 46:62-67. 
Bauer AW, Kirby WMM, Sherris JC, Turck M (1966). Antibiotic 
susceptibility testing by a standardized single disk method. Am. J. 
Clin. Pathol. 45:493-496. 
Bergquist PL, Gibbs MD, Morris DD, Téo VS, Saul DJ, Moran HW 
(1999). Molecular diversity of thermophilic cellulolytic and 
hemicellulolytic bacteria. FEMS Microbiol. Ecol. 28:99-110. 
Blumer-Schuette SE, Lewis DL, Kelly RM (2010). Phylogenetic, 
microbiological, and glycosidehydrolase diversities within the 
extremely thermophilic, plant biomass-degrading genus 
Caldicellulosiruptor. Appl. Environ. Microbiol. 76:8084-8092. 




Chang CH, Yang SS (2009). Thermo-tolerant phosphate-solubilizing 
microbes for multi-functional biofertilizer preparation. Bioresour. 
Technol. 100:1648-1658. 
Claus D, Berkeley RCW (1986). Genus Bacillus. In: Sneath PHA, Mair 
NS, Sharpe ME, Holt JG (ed) Bergey’s Manual of Systematic 
Bacteriology, Baltimore: Williams & Wilkins 2:1105-1139.   
Del CMC, Van der ZSEATM, Torrent J (1999). Modelling long-term 
phosphorus leaching and changes in phosphorus fertility in 
excessively fertilized acid sandy soils. Eur. J. Soil Sci. 50:391-399. 
Delvasto P, Valverde A, Ballester A, Igual JM, Muñoz JA, González F, 
Blázquez ML, García C (2006). Characterization of brushite as a re-
crystallization product formed during bacterial solubilization of 
hydroxyapatite in batch cultures. Soil Biol. Biochem. 38:2645-2654. 
Espinosa-de-los-Monteros J, Martinez A, Valle F (2001). Metabolic 
profiles and aprE expression in anaerobic cultures of Bacillus subtilis 
using nitrate as terminal electron acceptor. Appl. Microbiol. 
Biotechnol. 57:379-384. 
Goodwin S, Zeikus JG (1987). Ecophysiological adaptations of 
anaerobic bacteria to low pH:analysis of anaerobic digestion in acidic 
bog sediments. Appl. Environ. Microbiol. 53:57-64. 
Hamdali H, Bouizgarne B, Hafidi M, Lebrihi A, Virolle MJ, Ouhdouch Y 
(2008). Screening for rock phosphate solubilizing Actinomycetes from 
Moroccan phosphate mines. Appl. Soil Ecol. 38:12-19. 
Huang L, Forsberg CW, Gibbins LN (1986). Influence of external pH 
and fermentation products on Clostridium acetobutylicum intracellular 
pH and cellular distribution of fermentation products. Appl. Environ. 
Microbiol. 51:1230-1234. 
Kawagoshi Y, Hino N, Fujimoto A, Nakao M, Fujita Y, Sugimura S, 
Furukawa K (2005). Effect of inoculum conditioning on hydrogen 
fermentation and pH effect on bacterial community relevant to 
hydrogen production. J. Biosci. Bioeng. 100:524-530.  
Khaddor M, Ziyad M, Halim M, Joffre J, Amblès A (1997). 
Characterization of soluble organic matter from Youssoufia rock 
phosphate. Fuel. 76:1395-1400. 
Khan MS, Zaidi A, Wani PA (2007). Role of phosphate-solubilizing 
microorganisms in sustainable agriculture- A review. Agron. Sustain. 
Dév. 27:29-43. 




Kumar S, Tamura K, Nei M (2004). MEGA3: integrated software for 
molecular evolutionary genetics analysis and sequence alignment. 
Brief Bioinform. 5:150-163. 
Leschine SB, Canale·Parola E (1983). Mesophilic cellulolytic clostridia 
from fresh water environments. Appl. Environ. Microbiol. 46:728-737. 
Li LL, McCorkle SR, Monchy S, Taghavi S, vanderLelie D (2009). 
Bioprospecting metagenomes:glycosyl hydrolases for converting 
biomass. Biotechnol. Biofuels 18:2-10. 
Logan NA, Berkeley RC (1984). Identification of Bacillus strains using 
the API system. J. Gen. Microbiol. 130:1871-1882. 
Nautiyal CS (1999). An efficient microbiological growth medium for 
screening of phosphate solubilizing microorganisms. FEMS Microbiol. 
Lett. 170:265-270. 
Saiki RK, Gelfand DH, Stoffel S, Scharf, SJ, Higuchi R, Horn GT, Mullis 
KB, Erlich HA (1988). Primer-directed enzymatic amplification of DNA 
with a thermostable DNA polymerase. Sci. 239:487-491. 
SAS Institute (2002). SAS/STAT User’s Guide, Release 6.03. SAS 
Institute, Cary, North Carolina. 




Shekhar NC, Bhaclauriay S, Kumar P, Lal H, Mondal R, Verma D 
(2000). Stress induced phosphate solubilization in bacteria isolated 
from alkaline soils. FEMS Microbiol. Lett. 182:291-296. 
Shenoy VV, Kalagudi GM (2005). Enhancing plant phosphorus use 
efficiency for sustainable cropping. Biotechnol. Adv. 23:501-513.  
Thompson JD, Gibson TJ, Plewniak K, Jeanmougin F, Higgins DG 
(1997). The CLUSTAL_X Windows interface: flexible strategies for 
multiple sequence alignments aided by quality analysis tools. Nucleic 
Acids Res. 25:4876-4882. 
Wakelin SA, Warren RA, Harvey PR, Ryder MH (2004). Phosphate 
solubilization by Penicillium spp. closely associated with wheat roots. 
Biol. Fertil. Soils 40:36-43. 
Wilson DB (2011). Microbial diversity of cellulose hydrolysis. Curr. Opin. 
Microbiol. 14:1-5. 
Xiao CQ, Chi RA, Huang XH, Zhang WX, Qiu GZ, Wang DZ (2008). 
Optimization for rock phosphate solubilization by phosphate-
solubilizing fungi isolated from phosphate mines. Ecol. Eng. 33:187-
193. 
Xiao CQ, Chi RA, Li WS, Zheng Y (2011). Biosolubilization of 
phosphorus from rock phosphate by moderately thermophilic and 
mesophilic bacteria. Miner. Eng. 24:956-958. 
Yang SS (2003). Application of microbial fertilizers on the three 
objectives agriculture. In: Chou CH, Yang SS (ed) Challenge of Three 
Objectives in Agriculture. Council of Agriculture, Southern Taiwan 
Joint Services Center of Executive Yuan, Institute of Biotechnology of 
National Pingtung University of Science and Technology, Department 
of Biochemical Science and Technology of National Taiwan 
University, Taiwan, pp. 265-292. 
Yu X, Liu X, Zhu TH, Liu GH, Mao C (2012). Co-inoculation with 
phosphate-solubilzing and nitrogen-fixing bacteria on solubilization of 
rock phosphate and their effect on growth promotion and nutrient 
uptake by walnut. Eur. J. Soil Biol. 50:112-117. 
 
 
 
 
 
 
 
 
 
